Aims Chloride (Cl) is an established key electrolyte for the activation of the renin-angiotensin-aldosterone system. Recent studies have shown the serum Cl as a key electrolyte for the regulation of body fluid distribution in heart failure (HF) patients. The clinical differences of worsening HF status according to the changes in serum Cl concentration are unclear. Methods and results Data from 47 chronic HF patients were analysed. Upon worsening HF, each patient exhibited at least two HF-related signs. Blood tests included haemoglobin (Hb), haematocrit (Ht), mean red blood cell volume (MCV), albumin, serum solutes, and b-type natriuretic peptide. The relative change in the plasma volume (%PV) from stable to worsening HF was estimated as follows: 100 × {Hb (stable) × [1 À Ht (worse)]}/{Hb (worse) × [1 À Ht (stable)]} À 100. When patients were divided into two groups based on changes in serum Cl concentration from stable to worsening HF, the pathophysiologic features of the patients with increased Cl (range 1-23 mEq/L; n = 31) included a greater increase in serum sodium (2.94 ± 4.15 vs. À0.69 ± 3.75 mEq/L, P = 0.005), higher vascular expansion (12 ± 11.1 vs. 4.81 ± 7.94%, P = 0.026), a tendency towards a greater MCV (1.23 ± 2.36 vs. À0.06 ± 1.88 fL, P = 0.065), and preserved renal function defined by the absence of an increase of serum creatinine (À0.24 ± 0.39 vs. À0.05 ± 0.12 mg/dL, P = 0.057) compared to patients with non-increased Cl (range À9 to 0 mEq/L; n = 16). Clinically, the increased Cl group had fewer HF signs (2.65 ± 0.71 vs. 3.31 ± 0.79, P = 0.005) although the change in symptoms did not differ between groups (48% vs. 63%, P = 0.54). Conclusions The present study suggests a new clinical entity of worsening HF status, that is, HF with increased vs. nonincreased serum Cl concentration from clinical stability to worsening HF.
Introduction
Until recently, most studies focused on the body fluid dynamics in heart failure (HF) status through the control of sodium, potassium, and water balance in the body, 1, 2 and through the regulation of solutes and water by the renin-angiotensinaldosterone system (RAAS) and antidiuretic hormone (ADH). [3] [4] [5] Thus, the proposed hypothesis of body fluid regulation in health and disease is that the arterial circulation is the primary body fluid compartment modulating renal sodium and water excretion. 3, 4 Chloride, despite flanking sodium as its anionic counterpart in salt, has remained largely ignored, presenting in the medical literature and in clinical practice as an afterthought to the more popular electrolytes sodium and potassium, or simply as a substitute for bicarbonate to preserve electroneutrality. 6 I recently reported that serum chloride is a key electrolyte for the regulation of intravascular 7 and intracellular body fluid 8 in HF patients. Considering both my recent observations 7, 8 and established finding that chloride is a key electrolyte for RAAS activation and for tubuloglomerular feedback in the kidney, [9] [10] [11] [12] I tested the hypothesis that there is a different clinical presentation of worsening HF status according to the changes in serum chloride concentration from clinical stability to worsening HF.
Methods

Study population
The present study was a sub-study of my follow-up study 13, 14 focusing on monitoring body composition changes in established HF patients performed at the cardiology clinic of Nishida Hospital between June 2003 and March 2009. Eligible patients included into this follow-up study had at least one decompensated HF episode resulting in hospitalization or outpatient treatment with conventional diuretics. In the present analysis, HF patients with severe renal failure (serum creatinine concentration >3.5 mg/dL at stable HF status) were excluded. Informed consent was obtained from all patients before study enrolment.
Study protocol
At study entry, patient characteristics, history, and primary aetiology were recorded. Patients enrolled in this study were interviewed regarding changes in symptoms and examined for the appearance of physical signs of fluid retention upon each visit to the clinic by a clinician (H.K.). Additional routine tests included conducting ultrasound examination to search for pleural effusion, 14, 15 monitoring changes in the fluid status using a digital body weight scale incorporating a bioelectrical impedance analyser (HBF-352-W, Omron Healthcare Co., Kyoto, Japan), 13, 14, 16 and measuring b-type natriuretic peptide (BNP) levels. 17 Peripheral blood tests, chest X-ray, standard 12-lead electrocardiography, and echocardiography were performed at study entry and a clinic visit during follow-up after an appropriate interval.
Data collection
Blood tests
Peripheral haematologic and biochemical tests were performed by standard laboratory techniques. Blood tests included measurements of red blood cell count, mean red blood cell volume (MCV), haemoglobin (Hb), haematocrit (Ht), total protein, albumin, serum electrolytes (sodium, potassium, and chloride), blood urea nitrogen, and creatinine. The percentage shift in the plasma volume (%PV) during a change in HF status was estimated from serial concomitant Hb and Ht concentrations according to the following formula: 100 × {Hb (stable) × [1 À Ht (worse)]}/{Hb (worse) × [1 À Ht (stable)]} À 100. 18 
Thoracic ultrasound
Thoracic ultrasound was performed on each patient using a commercially available real-time, wide-angle phased-array system. 15 The patient was placed in a sitting position on a bed or chair, and chest ultrasound was performed on each hemithorax using a 3.5-MHz sector transducer through the intercostal space and scanning along the paravertebral, scapular, and posterior axillary lines. The presence of pleural effusion was diagnosed by the appearance of an anechoic space between the parietal pleura and the highly reflective visceral pleura-lung interface.
Monitoring of weight gain
Evaluation of fluid body weight gain by measuring body weight and percentage body fat was described in detail previously. 13, 16 Briefly, for monitoring definite HF patient, body weight and percentage body fat were measured twice and averaged. Patients wore light clothes and were barefoot during weighing. Based on prior experience, 13, 16 the criterion of significant fluid weight gain was defined as a body weight gain of at least 1.5 kg with a concomitant decrease in percentage body fat from the most recent visit with clinical stability to the time of target weight gain. Adjustments of reference dry weight, as determined by the evaluation of symptoms, physical exam and chest ultrasound, were made at each clinic visit.
Definition of worsening HF
Criteria for selecting the event of worsening HF consisted of the appearance of at least two of the following HF-related signs, irrespective of the presence of symptomatic changes: physical signs (third heart sound, pulmonary crackles, and leg oedema), fluid weight gain (≥1.5 kg), and pleural effusion on ultrasound. Worsening HF was treated with conventional therapy using a combination of loop diuretics, aldosterone blockade, thiazide diuretics, and/or inotropic drugs by oral and/or intravenous routes in the hospital or outpatient clinic. After returning to stable HF status from acutely worsening HF status, oral HF therapy was adjusted and maintained during the following clinical course at the outpatient clinic. In the event of multiple episodes of worsening HF in a single patient, the first episode was selected for the present analysis.
Statistical analysis
All statistical analyses were performed using commercially available statistical software (GraphPad Prism 4, San Diego, CA). All data are expressed as a mean ± SD for continuous data and percentage for categorical data. Paired and unpaired t-tests for continuous data and Fisher's exact test for categorical data were used for two-group comparisons. A Pvalue of less than 0.05 was considered statistically significant.
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Results
Ambulatory patients with HF (n = 83) were enrolled and followed up at the outpatient clinic of Nishida Hospital. Peripheral haematologic and biochemical tests, except BNP measurement, were not routinely obtained for all patients in the original study because that study did not focus on the correlation between HF status and blood chemistry. Thus, the patients and blood data of the present study were not selected consecutively but were included based on the availability of complete blood data as well as simultaneous HF-related clinical data during clinically stable HF, worsening HF, and resolution of worsening HF after therapy. Of 83 HF patients enrolled in the study at our hospital, 47 had available data of worsening HF event(s) for the analysis in the present study. After HF therapy using conventional diuretics and adjunctive drugs, all the study patients returned to clinical stability from worsening HF.
The demographic features of the 47 patients with clinical stability at study entry are summarized in Table 1 . The interval between the clinical stability to worsening HF was 37.5 ± 16.3 days (range: 14-67 days). Diagnosis and precipitating factors of worsening HF status in the 47 HF patients are reported in the Supporting Information ( Table S1 ). The cumulative number of HF-related signs/tests was 2.87 ± 1.52 (range: 2-5).
A histogram of the magnitude in changes in serum chloride concentration from stable to worsening HF is shown in Figure 1 . When participants were divided into two groups based on changes in the serum chloride concentration from clinical stability to worsening HF (Table 2) , the increased chloride group (range 1-23 mEq/L; n = 31) had fewer HF signs (2.65 ± 0.71 vs. 3.31 ± 0.79, P = 0.005) and a lower incidence of pulmonary rales compared to the non-increased chloride group (range À9 to 0 mEq/L; n = 16). The change in symptoms did not differ between groups (48% vs. 63%, P = 0.54).
Laboratory data for the two groups are shown in Table 3 . Patients with increased serum chloride concentrations had increased serum sodium (2.94 ± 4.15 mEq/L, P = 0.0004), greater MCV enlargement (1.23 ± 2.36 fL, P = 0.007), and preserved renal function defined as a decrease in serum creatinine (À0.24 ± 0.39 mg/dL, P = 0.0015) and blood urea nitrogen (À9.47 ± 15.4 mg/dL, P = 0.0018). In contrast, patients without an increased serum chloride concentration did not have the accompanying changes in serum sodium, MCV, serum creatinine, and blood urea nitrogen from clinical stability to worsening HF. When compared to patients ACE, angiotensin-converting enzyme; ARB, angiotensin II receptor blocker; EF, ejection fraction; NYHA-FC, New York Heart Failure functional class. Data presented as number (%) of patients unless otherwise specified. Figure 1 Histogram of the magnitude in changes in serum chloride concentration from stable to worsening heart failure. Heart failure worsening based on the chloride theory without an increase in serum chloride, patients with increased chloride also exhibited a greater increase in serum sodium (2.94 ± 4.15 vs. À0.69 ± 3.75 mEq/L, P = 0.005), higher vascular expansion determined by %PV (12 ± 11.1 vs. 4.81 ± 7.94%, P = 0.026), a tendency towards a greater MCV (1.23 ± 2.36 vs.
À0.06 ± 1.88 fL, P = 0.065), and preserved renal function defined by the absence of an increase of serum creatinine (À0.24 ± 0.39 vs. À0.05 ± 0.12mg/dL, P = 0.057) from stable to worsening HF, although the body weight increase (P = 0.57) and log BNP (P = 0.126) did not differ between groups. 
Discussion
The present study has shown that there are two distinct modes of acute on chronic HF progression with different clinical characteristics based on the chloride accumulation pattern in relation to water retention, that is, worsening HF with increased vs. non-increased serum chloride concentration from clinical stability to worsening HF. Pathophysiologically important alterations in the sympathetic nervous system, 19 the RAAS and ADH systems, [3] [4] [5] 20 and vasodilatory/natriuretic pathways 21 are present in HF patients. These disturbances are translated at the renal circulation and tubular level in such a way that sodium and water retention are increased. [3] [4] [5] 20 Surprisingly, the role of chloride in HF pathophysiology has remained largely ignored and has not been investigated for several decades. 6 Taking together the established central role of chloride in the RAAS, 9-12 my recent observations revealing the important role of chloride for regulation of intravascular 7 and intracellular body fluid 8 in HF patients and the present study, I propose a hypothesis for the 'chloride theory' for worsening HF. This hypothesis states that changes in the serum chloride concentration are the primary determinant of changes in the plasma volume, RAAS, and ADH systems under worsening HF, as shown in Figure 2 , which depicts the two types of acute on chronic HF worsening according to the directional movement of serum chloride, that is, worsening HF type with increased ( Figure 2 , left half) vs. decreased ( Figure 2 , right half) serum chloride concentration. Each type of worsening HF might reflect differences in the RAAS and ADH activation and effectiveness, and subsequent movement of serum electrolytes and water, in which body fluid is re-distributed to each body fluid compartment comprising extracellular (intravascular and interstitial space) and intracellular spaces.
Role of chloride in the kidney and distribution of body fluid
Chloride is a crucial electrolyte that enables reabsorption of the filtered sodium from the urinary tubules into the extracellular body spaces and maintains arterial pressure. 9, [22] [23] [24] Chloride also plays a central role in the regulation of renin release from the juxtaglomerular apparatus (i.e. tubuloglomerular feedback), which depends on macula densa chloride transport. [9] [10] [11] [12] I recently demonstrated the heterogeneous distribution of plasma volume (from À19% to 36%) and an independent positive association between the changes in %PV and serum chloride concentration, which is not dependent on serum sodium, from stability to worsening HF. 7 An accumulation of serum chloride would increase or maintain the plasma volume and probably tend to inhibit a fluid shift from the blood vessels to the interstitial space 25, 26 owing to an increase in serum osmolality or tonicity, which is mainly induced by serum chloride, 7 not solely by serum sodium, 27 and vice Figure 2 The 'chloride theory' for explaining fluid dynamics in the course of worsening heart failure. Solid line indicates enhanced supply or excitatory effect, and dotted line, reduced supply or inhibitory effect. Different effect strengths are expressed by the thickness of each line. The pathway of the RAAS, tubuloglomerular feedback, and ADH in the kidney is outlined in red. ADH, antidiuretic hormone; Cl, chloride; HF, heart failure; LV, left ventricular; Na, sodium; RAAS, renin-angiotensin-aldosterone system.
Heart failure worsening based on the chloride theory versa. In addition, I recently observed that MCV serially changes according to the transition of the HF status, that is, worsening and recovery of HF, and that serum chloride is a key electrolyte for the regulation of MCV, presumably reflecting the intracellular fluid status. 8 As shown by my recent observations 7, 8 and the findings of the present study, chloride in the body fluid appears to have an important role in regulating the reabsorption of filtered solutes and water in the kidney, for distributing the body fluid between the intracellular and extracellular spaces, and between the intravascular and interstitial spaces according to the changes in various HF states. Thus, it is quite reasonable to organize newly the pathophysiologic background of acute or chronic HF according to the dynamics of chloride in the human body.
Worsening heart failure with increased vs. decreased serum chloride concentration
In patients with worsening HF and increased serum chloride concentration from clinical stability to worsening HF ( Figure  2 , left half), the greater accumulation of serum chloride acts to maintain or increase intravascular volume, which places a greater burden on the failing heart. It might be that maintaining plasma volume is beneficial for supplying blood to the kidney and preserving its function, 27 as shown in the group with an increased chloride concentration compared with the group with a decreased chloride concentration. As for the lung, I observed a lower incidence of audible bilateral pulmonary rales in this subtype of worsening HF group, which might be due not only to differences in the levels of accumulated serum chloride but also to differences in the changes in serum albumin levels. A decrease in serum albumin would accompany a decrease in the interstitial albumin concentration, 28 which would promote drainage of interstitial fluid into the lymphatics. 29, 30 This subtype of worsening HF would show signs of remarkable body fluid retention in the interstitial or third spaces when the venous and lymphatic systems can no longer accommodate extra body fluid from the interstitial space through the lymphatic drainage system.
In patients with worsening HF and no increase in the serum chloride concentration from clinical stability to worsening HF (Figure 2, right half) , a decreased supply of chloride to the urinary tubules would result in decreased reabsorption of filtered sodium from the tubules into the extracellular space, 9,22-24 resulting in reduced blood vessel expansion or even blood vessel contraction. As a result, this subtype of worsening HF might accompany enhanced ADH activation and increased water retention in relation to serum chloride (and mostly sodium) to correct arterial under-filling. 3 In this subtype of worsening HF, the RAAS might be overactivated owing to positive tubuloglomerular feedback because of a decreased supply of filtered chloride to the macula densa, but RAAS activation to increase reabsorption of filtered solutes (chloride, sodium, or both) would be ineffective because the supply of these solutes in itself is reduced in the urinary tubules in HF patients with no increase in the serum chloride concentration. Ineffective reabsorption of filtered chloride and sodium despite enhanced RAAS activation, probably also including activation of the sympathetic nervous system, 19 contributes to the deficits in the intravascular accumulation of serum chloride and the resultant loss of plasma volume. Thus, this subtype of worsening of HF would have a more serious clinical presentation 3, 31, 32 with vascular contraction, extravasation of vascular fluid into the interstitial space, enhanced peripheral arterial resistance, and worsening of organ perfusion, as is partly reported here. A substantial part of the clinical features of this type of worsening of HF would overlap with that of the HF patients with overhydrated hyponatraemia. [33] [34] [35] The applicability of this proposed hypothesis, the 'chloride theory', to HF pathophysiology is well supported by the fact that 'maintenance of arterial circulatory integrity' as the conceptual core of the established 'arterial under-filling theory' for HF pathophysiology 3, 4 depends deeply on the chloride itself because this electrolyte holds the central role for maintaining the arterial circulatory integrity. 9, [22] [23] [24] Additionally, interactions between dynamic changes in the serum chloride concentration and haemodynamics are demonstrated through the changes in plasma volume as shown in Figure 3 (blue arrows). Namely, changes in plasma volume affect venous return to the heart and changes in cardiac output by the Frank-Starling mechanism, 36, 37 but the failing heart may have a maladaptive response to the altered plasma volume owing to limited preload reserve and afterload mismatch. [37] [38] [39] [40] Importantly, a recent study by Grodin et al. 41 reported strong positive relationship between the cardiac index and the serum chloride concentration in 436 patients with advanced chronic HF, confirming the link between changes in the serum chloride concentration and haemodynamics ( Figure 3, red arrows) .
As summarized in Figure 3 , changes in the serum chloride concentration are related to changes in plasma volume (blue arrows), RAAS activation in the kidney (green arrows), and alterations of the haemodynamic status (red arrows) in each case. Thus, the 'chloride theory' proposed here incorporates qualitatively different but important main pathways of HF pathophysiology, including biochemical, neurohormonal, and haemodynamic pathways, solely via the chloride electrolyte.
Pathophysiologic differences in HF subtypes stratified by changes in serum sodium vs. chloride concentration
The present study characterized and proposed two distinct types of worsening chronic HF progression. In addition to 628 H. Kataoka my recent observations, the proposed HF pathophysiology defined by the dynamics of serum chloride reported here would be rational when considering the central role of chloride in the RAAS and for the maintenance of aortic filling. How, then, can we expect the differences in the clinical pictures and blood examination results when patients with worsening HF are stratified by changes in serum sodium or chloride concentration? The change in serum chloride under worsening HF in the present HF patients correlated moderately with the change in serum sodium (r = 0.762, P < 0.0001; see Supporting Information, Figure S1 ), but discordant movement of chloride and sodium was observed in as many as 9 of 47 patients (19% of study patients); two patients showed increased sodium and decreased chloride, and seven patients showed decreased sodium and increased chloride. Accordingly, stratification of worsening HF patients in the present study (n = 47) into two groups based on changes in serum sodium (26 patients with and 21 without increased serum sodium concentration) or serum chloride (31 patients with and 16 without increased serum chloride concentration) revealed some intra-group or inter-group differences in the clinical picture and laboratory test results, such as differences in body weight and pulmonary crackles at baseline (intra-group; see Supporting Information, Table S2 ) and change in the serum potassium concentration upon worsening HF (inter-group; see Supporting Information, Table S3 ). The number of subjects in the present study was too small, however, to draw conclusions regarding the pathophysiologic differences in HF patients stratified by the dynamics of each type of electrolyte. Further studies with a large population of HF patients are needed to resolve this problem.
Future perspectives
Adding to the present observations, my recent study demonstrated a novel finding of a positive and independent association between vascular volume and the serum chloride concentration after adequate decongestive therapy for worsening HF, 42 indicating that the proposed 'chloride theory' hypothesis for worsening HF reported here could be analogically applicable to HF pathophysiology during the resolution of worsening HF after diuretic therapy. Although the targeting level of the serum chloride concentration is not yet clear, modulation of the serum chloride concentration could become an attractive therapeutic target for HF treatment, such as for reducing serum chloride concentrations using conventional diuretics 43 and for enhancing serum chloride concentration using a V 2 receptor antagonist 5, 20, 27 and hyperosmotic saline infusion. 44 Our recent case report 45 demonstrated the importance of modulating serum chloride concentration in an HF patient undergoing HF therapy using a vasopressin antagonist. To date, the pathophysiologic role of chloride in HF has been ignored because of the long-term lack of awareness of its role in HF status, 6 except for several very recent studies. 7, 8, 41, 42, 46 but it is now clearly time to explore the clinical significance, features, and pathophysiologic roles of this electrolyte in HF syndrome. Figure 3 Interactions between changes in the RAAS activity (green arrows), plasma volume (blue arrows), and haemodynamics (red arrows) through changes in the serum chloride concentration in heart failure pathophysiology. ADH, antidiuretic hormone; Cl, chloride; GFR, glomerular filtration rate; RAAS, renin-angiotensin-aldosterone system. Heart failure worsening based on the chloride theory 629 
Study limitations
First, this study is a cross-sectional observational study and should be considered to be hypothesis generating and to have some limitations. Second, this study was a small-sized retrospective observational study with a selection bias due to data availability. Thus, a study including a larger number of HF patients is needed to better understand the role of chloride in the pathophysiology of HF patients. Finally, the pathophysiologic role of chloride in relation to the RAAS and the ADH axis was not clarified in the present study, and thus, additional studies should be performed.
Conclusions
My findings suggest a new clinical entity of worsening HF status, that is, HF with increased vs. non-increased serum chloride concentration ('chloride theory'). Differential activation of the RAAS and ADH systems might lead to an imbalance in the chloride-to-water ratio, and thus different pathophysiologic and clinical signs of worsening HF.
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